The lattice dynamics of solid 4 He has been explored using pulsed NMR methods to study the motion of 3 He impurities in the temperature range where experiments have revealed anomalies attributed to superflow or unexpected viscoelastic properties of the solid 4 He lattice. We report the results of measurements of the nuclear spin-lattice and spin-spin relaxation times that measure the fluctuation spectrum at high and low frequencies, respectively, of the 3 He motion that results from quantum tunneling in the 4 He matrix. The measurements were made for 3 He concentrations 16 < x 3 < 2000 ppm. For 3 He concentrations x 3 = 16 ppm and 24 ppm, large changes are observed for both the spin-lattice relaxation time T 1 and the spin-spin relaxation time T 2 at temperatures close to those for which the anomalies are observed in measurements of torsional oscillator responses and the shear modulus. These changes in the NMR relaxation rates were not observed for higher 3 He concentrations.
I. INTRODUCTION
The observation of distinctive anomalies in the frequency and dissipation of torsional oscillators containing solid 4 He, often referred to as non-classical rotational inertia fractions (NCRIFs), by
Kim and Chan 2,3 has stimulated enormous activity. This is because the NCRIFs could be the signature of a supersolid state as outlined by Leggett 4 and predicted by Andreev and Lifshitz several years ago. 5 A large number of independent experiments [6] [7] [8] [9] [10] have shown that the NCRIF magnitude and temperature dependence are strongly dependent on defects such as 3 He impurities 11, 12 and the quality of the crystals, and can be made very small by very careful annealing. 3 The observation of
NCRIFs was preceded by reports of a striking anomaly in the measurement of sound attenuation in solid 4 He by Goodkind and colleagues who had compared their observations to that predicted for a true phase transition of a fraction of the solid to a supersolid state. 13, 14 Additional support for the interpretation of the NCRIF anomalies in terms of a true thermodynamic phase change to a new state of matter was provided by the observation of a small but distinct contribution to the heat capacity of the solid at the same temperatures as those reported for the onset of the NCRIFs. 15 A straightforward interpretation in terms of a transition of part of the solid to a coherent superfluid component has, however, been hampered by a number of puzzling observations. These include the lack of evidence for a critical exponent, an apparent very low critical velocity 7 , the absence of experimental evidence for fourth sound modes 16, 17 and the null results of attempts to observe pressure-induced superflow though small restrictions, 18 although mass transport has been observed with the use of porous vycor glass conduits used to allow mass flow to the solid via superfluid in the pores. 19, 20 In addition, measurements of the shear modulus of solid 4 He by Beamish and colleagues 21, 22 have revealed a prominent frequency dependent change in the elastic shear modulus with an enhanced dissipation peak having a temperature dependence comparable to that observed for the NCRIF. These results suggest that the torsional oscillator anomalies may result from unusual elastic 23 or viscoelastic 24 properties of the solid 4 He rather than superfluidity. Other interpretations attribute the anomalies to macroscopic superflow mediated by defects or dislocation networks 25 or in terms of a vortex model 26 for which the high temperature tail of the NCRIF is associated with the finite response time of vortices to the oscillating flow fields in the TOs. Another set of researchers suggest that the superfluidity arises from non-equilibrium behavior leading to superflow along defects or the formation of a quantum "superglass" around extended defects 27 with ultra-slow relaxation dynamics reminiscent of glass dynamics. 28 The need for any interpretation to account for both sample dependent coherent non-inertial flow and changes in the lattice elastic properties was confirmed strikingly by Kim et al. 29 who observed that the TO response could be changed significantly by rotating the cryostat, with the resonant frequency changing with speed, but that at the same time, the TO mode that showed significant drive dependence was not susceptible to changes in the elastic modulus of the lattice. 29 It is clear that the dynamics of the 4 He lattice plays an important role in the low temperature bulk properties of solid 4 He and rather than observing a phase transition to a supersolid state one may be observing a complex thermally excited dynamical response, or both, in overlapping temperature ranges. It is therefore important to study the microscopic dynamics of solid 4 He using different techniques and especially non-invasive techniques since all previous studies have involved the application of macroscopic external mechanical stimuli. Measurements of the quantum tunneling of the 3 He atoms in the solid provide a unique means of probing microscopic lattice properties because the 3 He -4 He exchange rates depend exponentially on the lattice separation and on the magnitude and dynamics of the crystal field deformation that surround impurities. 30, 31 The characteristic NMR relaxation rates are determined by the modulation of the nuclear dipole-dipole interactions by the tunneling motion and the scattering of the diffusing atoms by the crystal deformation field around the 3 He impurities and other lattice defects. 31, 32 The NMR relaxation rates are therefore very sensitive to the local elastic properties of solid 4 He and to any changes in the crystal ground state that would modify the tunneling rate. We have therefore carried out systematic measurements of the nuclear spin relaxation rates of 3 He impurities in solid 4 He for a wide range of concentrations with an emphasis on low concentrations x 3 < 30 ppm for which one expects well characterized NCRIFs from previous studies and yet sufficient to obtain good signal to noise ratios for NMR measurements. Also for these concentrations, the amount of the 3 He localized on dislocations estimated from the expected density of dislocations for well-annealed samples 33 is expected to be a small fraction of the total, less than 1 ppm, so that one can be sure that the experiments probe the motion of the 3 He atoms through bulk solid 4 He. Preliminary results of these NMR studies have been reported elsewhere.
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II. EXPERIMENTAL ARRANGEMENT
The NMR cell was designed as a nested cross-coil arrangement with receiving and transmitting coils orthogonal to each other and the applied magnetic field (see Fig. 1 ). The inner coil is a cylindrical receiving coil wound around a polycarbonate sample cell which contained an in situ Straty-Adams pressure gauge. The outer coil is a thermally isolated orthogonal transmitting coil for the RF pulses that slides onto the receiving coil. This nested arrangement 36 provides (i) minimization of the unwanted pick-up of the transmitter pulse by the receiving coil, and (ii) adequate thermal isolation from the heat generated in the transmitting coil that is heat sunk to the still of the dilution refrigerator. Thermalization of the sample was assured by thermal contact with a silver post extending from the dilution refrigerator and the temperature was measured using a Cernox resistance thermometer calibrated against a 3 He melting curve thermometer. The sample gas was admitted via a capillary sealed with epoxy (stycast 2585 GT) at the opposite end of the cell. The sample cell could withstand pressures up to 100 bar and remain superfluid leak-tight.
Samples were grown by the blocked capillary method. Gas samples of pre-determined 3 He fraction were prepared at room temperature by mixing pure (99.99%) 3 He and 4 He, compressing the gas mixture to about 50 bar and filling the sample cell with the gas mixture to a pressure of 46 bar, after which the cell was cooled to 1.2 K. When the temperature is cooled to the melting curve, the helium pressure follows the melting curve while the mixture solidifies, after which the pressure measured by the gauge in the cell remains constant indicating that the sample is solid.
The samples were prepared to all have the same final pressure of 27.75 ± 0.05 bar at 1.2 K. The molar volume of the samples were determined to be V m = 20.85 ± 0.05 cm 3 from the PVT data of Grilly and Mills 37 and the formula derived by Mullin. 38 Finally the samples were annealed for 24 hours just below the melting point except for one case for which a minimum annealing of 0.5 hours was carried out to determine the effect of the crystal quality on the nuclear spin relaxation times.
The measurements of the nuclear spin-spin and spin-lattice relaxation times were carried out using a superheterodyne pulsed NMR spectrometer operating at a Larmor frequency of 2.05MHz.
At this frequency the calculated relaxation times due to exchange motion were of the order of 10 4 s. at 3 He concentrations x 3 = 20 ppm, extrapolating from previous measurements. [39] [40] [41] [42] The longitudinal relaxation time is expected to increase rapidly with frequency 39 , making studies at higher Larmor frequencies extremely difficult.
The signal/noise ratio for samples with x 3 ≈ 20 ppm is very weak (< 10 −2 ) for a 10 kHz bandwidth employing a standard geometry with resonant NMR circuit connected directly to a room temperature amplifier. In order to enhance the signal/noise we developed a preamplifier that could be operated at low temperatures in the applied magnetic field. 36 The device used a pseudomorphic high electron mobility field effect transistor with adjustable bias so that the output could be matched to a 50 ohm cable. The total power dissipation was 0.5 mW and to attain the lowest sample temperatures the amplifier was separated from the sample cell by a 75 cm length of cable and anchored to a 1K thermal plate. A typical NMR echo recorded using a 90 x − 180 x RF pulse sequence for a 500 ppm 3 He sample is shown in Fig. 2 after signal averaging for 10 pulse sequences using a 17 kHz bandwidth. As it is necessary to wait several times T 1 between pulse sequences, up to 15 hours were required to obtain each data point at the lowest temperatures.
Therefore the total number of data points is modest, but sufficient we believe to reveal and confirm One of the most important properties of the sample that must be determined is the exact 3 He concentration, because for the long capillary line used (1.2 m below the 1K plate) an appreciable fraction of the 3 He atoms can plate out on the capillary walls and lead to changes in the 3 He concentration of the solid sample compared to that of the original gas concentration. Fortunately, the NMR signal itself allows one to obtain an accurate calibration by measuring the NMR echo amplitude for fixed spectrometer gain at intermediate temperatures and comparing to a relatively high concentration sample (2000 ppm) for which any fractional change would be small. In Fig. 3 we show the temperature dependence of NMR echo amplitudes for several different samples.
All the samples show the characteristic Curie law behavior until reaching temperatures of the order of 0.1K where phase separation occurs. At these low temperatures the 3 He forms Fermi liquid droplets with temperature independent NMR amplitudes and with different relaxation times.
Using this procedure one can measure the 3 He concentration to approximately 5% accuracy. For example, for a sample prepared from a nominally 30 ppm gas mixture, the final solid 3 He fraction was measured to be 24 ppm. Note that a small deviation was observed in the amplitude of the echo signal for the 16 ppm sample at T = 175 mK and this is attributed to the sudden and unexpected sharp increase in T 1 at that temperature. Waiting times between measurements were set at 5 times T 1 to provide 5% accuracy in amplitude measurements but at 175mk this drops to 2.5 times T 1 and a small decrease in observed amplitude results. Fig . 4 shows the observed temperature dependence of the nuclear spin-lattice relaxation time with the results for a sample with x 3 = 500 ppm. The temperature independent tunneling induced relaxation occurs for 0.2 < T < 0.55 K and a small upturn in T 1 is observed for T > 0.55 K with a corresponding downturn in T 2 . This high temperature behavior is attributed to the onset of the effect of thermally activated vacancies. The most interesting features are the sharp peak in T 1 at T = 175 mK and a less well-defined minimum in T 2 at the same temperature for the sample with x 3 =16 ppm. The same behavior as a function of temperature is observed for a sample with x 3 =24 ppm prepared with a considerably reduced annealing time. 35 . The sharp changes in T 1 and T 2 are not observed for samples with concentrations x 3 > 200 ppm. These features near 175 mK are unexpected in the traditional interpretations of the relaxation of dilute 3 He in solid 4 He that attribute the relaxation to a temperature independent quantum tunneling J 34 of the 3 He atoms through the 4 He lattice. The temperatures at which these sharp features for T 1 and T 2 occur coincide with the temperatures for which anomalies are observed for measurements of the rotational inertia 2,3 and
III. EXPERIMENTAL RESULTS
shear modulus experiments 22, 43 . On cooling below 175 mK, a precipitous drop in the value of T 1 is observed at T = 95 mK which is the temperature associated with the phase separation of the solid mixture into 3 He rich droplets in otherwise pure solid 4 He. This interpretation is confirmed by the observed change in the NMR amplitude below the phase separation temperature as shown in Fig. 4 . and by the significant hysteresis on cycling through the phase separation temperature.
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IV. DISCUSSION
The theoretical treatments of the relaxation of dilute 3 He atoms in solid 4 He 31,32,44-46 all take into consideration the lattice deformation surrounding a 3 He impurity due to the increased zeropoint motion of the 3 He atoms with respect to the lattice compared to the 4 He atoms 47 The resulting deformation has been described in terms of a long range anisotropic interaction between 3 He atoms given by
for the deformation energy at site j due to an impurity at site i, where a 0 is the lattice constant. 30, 48 .
The 3 He atoms travel through the lattice and scatter from one another with a closest approach given by the distance b c for which the kinetic energy of the tunneling particle (∼ J 34 ) becomes comparable to the elastic deformation energy
The mean separation of the 3 He atoms r m = a 0 x 
The tunneling Hamiltonian is given by
where
c is the permutation operator for atoms at sites i and j.
The time dependence of the fictious spin operators S j and τ j are given by
where ω j = 2 j<k K jk τ k . In this time dependence Landesman did not include a lattice relaxation term to account for relaxation of the lattice as the deformation surrounding the impurity atom moves through the lattice. Given the recent results from elastic studies of solid helium at low temperatures this could be an important effect. The relaxation times can now be estimated by calculating the correlation functions of the nuclear dipole-dipole interactions. We consider the reduced correlation function
where the T ij are the irreducible nuclear spin operators (that transform analogously to the spherical
responsible for the motions in the lattice. For the dilute lattice the tunneling Hamiltonian does not commute with all T ij and one finds that the derivativë
with F ip (t) = s cos(ω s (t) where ω s = x 3 (K is − K ps )t. Evaluating F (t) using the statistical method of Anderson 49 yields
where Λ ′ = 0.28 and Λ = 8.77. 31, 45 Integrating Eq'n (8) Landesman 31 finds a correlation time τ c given by
with B = 23.
The correlation time τ c < ω
L for all the experiments reported and we therefore find for the calculated nuclear spin-lattice relaxation time in Landesman's model
where M 2 is the second moment for pure 3 He and J ef f = J . This behavior at low concentrations is attributed to the crossover from the continuous interaction regime to a region of coherent diffusion for which the characteristic The predicted temperature independent relaxation for x 3 = 16 ppm is shown by the broken lines in Fig. 6 . While the fit to experimental data is good at high temperatures the anomalous relaxation observed at 175 mK is more than a factor of two larger than the Landesman prediction for a simple tunneling motion of the 3 He atoms through the lattice. The anomaly occurs well above the phase separation temperature (90 mK) and is not attributable to the phase separation which would lead to a sharp decrease in the relaxation time and not the sharp peak that was observed. This conclusion was confirmed by studying a sample with 24 ppm that was never never cooled to the phase separation temperature (see Fig. 6 ).
It is important to note that a simple change in the elastic field interaction K associated with thermal population of excited states with different values for K 0 would not explain the observed results and would simply lead to a broad step in the value of T 1 . The results therefore imply that the anomalous peak observed for T 1 results either from a change in the dynamical properties of the lattice that occur at 175 mK or that there is a phase transition that occurs at that temperature and the peak observed in T 1 results from the fluctuations at the phase transition. 
A. Effect of a transition to supersolid state on the NMR relaxation times
We now consider what would be expected if there was a simple phase transition to a state in which there was a small fraction of superfluid condensate, and then we will discuss how the effect of a dynamical relaxation of the lattice as described by Beamish and colleagues would influence the nuclear spin lattice relaxation time T 1 .
If there was a sharp phase transition at a fixed temperature T C below which a superfluid state appears one would expect a sudden change in the spectral density at T C that determines T 1 and If we designate the component of the spectral density due to 3 He particle exchange as J E (ω) and the component due to a possible superfluid component as J S (ω), we have
where M 2 is the NMR second moment. For liquid 4 He the coherence length scales as ξ = a 0 (T C − T ) −2/3 where T C is the critical temperature, and because of the very low critical velocities (inferred from torsional oscillator measurements), we anticipate a characteristic relaxation time that behaves so that the sum rule
= πM 2 is obeyed. Thus the observed relaxation rate will be given by
where J S (ω L ) is negligible. If T 1E is the calculated value of T 1 for exchange motion only, we find
where for a supersolid fraction we take α(T ) = a 1
|T −T C )| 2/3 for T < T C and α(T ) = 0 for T > T C . a 1 is an adjustable parameter related to the "'supersolid"' density which is of the order of 0.01 but sample dependent.
An example of a fit using the above expression for T 1Obs is shown by the broken line in Fig. 7 for T C = 175 mK and a 1 = 0.01 with no other adjustable parameter. In reality we would expect to have a small Gaussian spread (of about 7 mK) in the critical temperature because of the inhomogeneities and it would not be difficult to obtain a good fit to T 1 for reasonable numbers but no other experiment points to a sharp transition (except for the onset of NCRIFs in very pure samples), e.g. no sharp peak in the heat capacity is reported. A more stringent test of this interpretation is provided by examining the results for the T 2 measurements for the same sample. The same argument as used for evaluating T 1 needs to be followed for T 2 but this time we need to know the values for τ s0 and the exchange time τ E .
First we consider the theoretical predictions for T 2 for small x 3 . The values of the correlation time calculated by Landesman (Eqn. 10) that give a good fit to the T 1 data do not lead to values of T 2 that are in agreement with the experimental data. This discrepancy has been reviewed by Kim et al. 54 who showed that the detailed spectral density at low frequencies cannot be described by a single Lorentzian spectral density. A better approach to evaluating T 2 was given by Huang et al. 32 who calculated the scattering of tunneling 3 He impurities in the elastic crystal fields using detailed energy conservation and found T H 2 = 1.69 × 10 −4 x 3 s. for x 3 > 100 ppm. This result is compared with the experimental data and Landesman's theory in Fig.8 . For very dilute concentrations, x 3 < 100 ppm, the model of coherent diffusion as discussed above gives T coh 2 = 1.68 s.
For these dilute samples the tunneling motion of the 3 He impurities would lead to a temperature independent relaxation, but once again, we observed strong deviations from temperature independence below 175 mK. However, unlike the T 1 results which show a clean peak, there is considerable scatter in the T 2 data and the dependence observed is that of a small peak followed by a strong dip, and then at even lower temperature there is an order of magnitude drop at the T x (ms.) 2 3 x (ppm) phase separation temperature where Fermi liquid droplets form. We now calculate what would be expected for a simple superfluid phase transition. In terms of the spectral densities (at zero frequency) for the superfluid and normal components we have
while the fixed temperature independent tunneling term is
We therefore find
where b = J S (0)/J E (0) = τ S0 /τ E > 1 and τ E is the characteristic tunneling time in the normal solid. Because of the large value of b, the result for T 2Obs does not look like the inverted image of T 1 (as one would naively expect) but is much wider. An example of an attempted fit for the adjustable parameters b = 4 and a 1 = 0.01 is shown in comparison with experimental values of T 2 in Fig.9 .
Even allowing for the scatter of the data, this approach does not provide a good description of the temperature dependence of T 2 . We should note that if the system is very inhomogeneous with different parts of the sample having different values of b and a 1 one would expect a lumpy spectral density at low frequencies and a corresponding scatter in the results for T 2 , but since T 1 measures the spectral weight at MHz frequencies, one could still observe a sharp peak for T 1 because it is the integrated weights of the low frequency components of the spectral densities that must be subtracted from the high frequency spectral density. In this sense the T 1 measurements are a much cleaner test for the existence of a phase transition that the T 2 measurements. 
B. Effect of lattice dynamics on the NMR relaxation rates.
An alternative approach to interpreting the NMR relaxation rates is to assume that as a result of the tunneling of the 3 He atoms there is an internal stress on the 4 He lattice as the distortion around the 3 He impurity moves with or attempts to move with the impurity as it tunnels from site to site. The mean frequency of this motion is ω x = x 4/3 K 0 ≈ 3.5 × 10 3 Hz. We can surmise that the relaxation of the lattice due to this time dependent disturbance is long and adds a bottleneck for energy exchange between the tunneling excitations and the thermal bath of phonons. The correlation function for the lattice operators τ (T ) of Eq'n (3) can be written as
where ...... R represents an average over lattice coordinates, τ S is the lattice averaged relaxation time which we assume corresponds to the Debye relaxation τ S = τ 0 exp(E 0 /T ) used to interpret the results of the shear modulus measurements. [21] [22] [23] Integrating Eq'n (17, we find for the additional lattice relaxation time
where u = ω x τ 0 e (E 0 /T ) . τ 0 and E 0 are adjustable parameters that we expect to be comparable to the values determined from the shear modulus experiments . 23, 43 The magnitude of the relaxation time r 1 can be estimated crudely using the golden rule with
where K is the lattice distortion and the density of states ρ(E) ∼ E 2 /E 2 D . For E 1 − E 2 = J, the exchange energy, and E D the Debye energy we find r 1 /ω x ∼ 4.10 −4 . In Fig.10 we show the fit to the relaxation times T 1 , using T 1Obs = T 1E + τ x (T ) for τ 0 = 8.3 × 10 −9 s. and E 0 = 1.8
K. These values are to be compared with those inferred from the shear modulus experiments, [21] [22] [23] τ 0 = 2.3 × 10 −9 s. and E 0 = 1.7 K. 21 Although the values of τ 0 and E 0 are a little different from those deduced by Beamish et al., 22, 23 the fit is remarkably good given the approximations that have been made. This interpretation of the results is consistent with the observations of Sasaki et al. 55, 56 who followed the temperature dependence of the NMR signals of 10 ppm 3 He in solid 4 He for densities such that the phase separation forms solid clusters of 3 He. While they were able to observe the solid clusters they were not able to detect the signal from isolated 3 He atoms above the phase transition at low temperatures, and they attributed this to a long spin-lattice relaxation time that lead to saturation and signal loss at the temperatures of interest for exploring the anomalies of the 4 He lattice.
C. Effect of dislocations on relaxation times
The most significant effect of the presence of dislocations on the NMR studies is that the This result is not surprising when one considers the number of dislocations present even in crystals of average quality. Paalanen et al. 57 and Iwasa et al. 33, 58 show that the dislocation density Therefore, it appears that the grain size in our samples would need to be much smaller than was observed in films in Ref. [59] for the binding of 3 He atoms at grain boundaries to be the cause of the T 1 anomalies we observe.
D. NMR Relaxation for Droplets
For all samples studied (except the 24 ppm sample) a sharp phase transition is observed at low temperatures below which the NMR amplitudes are independent of temperature (see Fig. 4 ) as expected for the well-known phase separation into Fermi liquid droplets. 61 The observed phase separation temperatures are in good agreement with the values calculated by Edwards and Balibar.
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The rate of formation of the droplets is very slow (typically 2-10 hours) 62 and great care must be taken to ensure that equilibrium is reached before measuring amplitudes and relaxation times near the phase separation. After phase separation, the relaxation times are observed to become temperature independent. 62, 63 The observed relaxation times are consistent with a relaxation that occurs at the wall of degenerate Fermi liquid droplets. Huan et al. 62 showed that the relaxation time was
given by T 1 = (N core /N wall )τ X where N core and N wall are the number of atoms in the core of the droplet and in the wall respectively. τ X is the intrinsic relaxation time at the wall due to the 3 He tunneling is given by τ X = J 3 /M 2 where J 3 is the tunneling rate at the wall and M 2 is the NMR second moment. This estimate leads to values of T 1 ∼ 170 s. in good qualitative agreement with the observations (see Fig. 5 ).
V. CONCLUSION
Measurements of the nuclear spin-lattice relaxation times for very dilute 3 
